Hyperdoping Si with chalcogens is a topic of great interest due to the strong sub-bandgap absorption exhibited by the resulting material, which can be exploited to develop broadband room-temperature infrared photodetectors using fully Si-compatible technology. Here, we report on the critical behavior of the impurity-driven insulator-to-metal transition in Tehyperdoped Si layers fabricated via ion implantation followed by nanosecond pulsed-laser melting. Electrical transport measurements reveal an insulator-to-metal transition, which is also confirmed and understood by density functional theory calculations. We demonstrate that the metallic phase is governed by a power law dependence of the conductivity at temperatures below 25 K, whereas the conductivity in the insulating phase is well described by a variablerange hopping mechanism with a Coulomb gap at temperatures in the range of 2-50 K. These results show that the electron wave-function in the vicinity of the transition is strongly affected by the disorder and the electron-electron interaction.
I. INTRODUCTION
The insulator-to-metal transition (IMT) in doped semiconductors is a prototypical example for a quantum phase transition and has been explored in many different systems, to large fraction in Si doped with shallow donors or acceptors. Generally, the IMT may be controlled by an external parameter x which is experimentally accessible by impurity concentration (N), electric (E) or magnetic (B) field, or uniaxial stress (S) [1] [2] [3] [4] [5] [6] . In current understanding, the IMT is driven by both disorder and interaction, thus being a mixed Anderson-Mott-Hubbard type of transition. In the simple model introduced by Mott [7] , a criterion is derived relating the effective Bohr radius ( H) of an isolated impurity with the critical density of impurities (ncrit) at the transition, given by H 1/3~0 . 25 . Experimentally, the impurity-mediated IMT has been studied extensively for shallow-level impurities (such as B, P, As and Sb) in heavily doped Si [5, 8, 9] , where the critical transition concentration is below the solubility limit [10, 11] and in the order of 10 18 cm -3 [12] .
There are very few and relatively recent experimental studies of the IMT with deep-level impurities, such as chalcogens (S, Se, and Te) in Si [13] [14] [15] [16] . According to Mott's theory the IMT is expected to occur at much higher concentrations (ncrit >> 10 18 cm -3 ) than for shallow donors, since electrons are much more tightly bound with a significantly reduced radius. In previous work chalcogen-hyperdoped Si with non-equilibrium concentrations was prepared using ion implantation followed by pulsed laser melting (PLM) [13, 14, 17] . In those studies, the transition from insulating to metallic conduction was identified with impurity concentrations exceeding 10 20 cm -3 , which is four orders of magnitude larger than their equilibrium solubility limit of about 10 16 cm -3 [11] . Moreover, the nature of the IMT was explored by both experimental and computational approaches, where the IMT was owing to the delocalization of donor electrons above a critical donor concentration (ncrit) [1] , which results in the formation of an intermediate band (IB) [14, 18] and the merging of the broadened IB with the conduction band. A more systematic study on the conduction mechanism in the insulating and metallic phases and in the critical regime of the transition is however still lacking.
In the present work, we employ experimental and computational methods to identify the impurity-induced IMT in Si hyperdoped with Te and explore the critical behavior near the transition. We analyze the temperature-dependent conductivity of the Te-hyperdoped Si samples, which cover both sides of the insulator-to-metal transition. We find a power law dependence in metallic samples and a variable range hopping mechanism with a Coulomb gap in insulating samples. Combining with the first principles calculations, this work provides a consistent picture about the critical Te concentration and the conductivity behavior near the IMT.
II. METHODS

A. Computational details
First principles calculations of electronic structure were performed by plane-wave pseudopotential techniques within the framework of Density Functional Theory as implemented in QUANTUM ESPRESSO (QE) open-source code [19] . The simulation of hyperdoped silicon was performed by the super-cell method by using ultrasoft pseudopotentials [20] [21] [22] in the separable form introduced by Kleinmann and Bylander [23] , generated with a Perdew-Burke-Ernzerhof (PBE) exchange correlation functional. For substitutional single Te (TeSi) and substitutional Te dimer (TeSi-TeSi), after structural relaxation we computed the electronic bandstructure and the density of states (DOS) by solving the Kohn-Sham equations. All other computational parameters are the same as in Ref. [24] to which the interested reader can refer for further computational details.
B. Experimental details
Single-side polished Si (100) wafers (intrinsic, ρ ≥ 10 4 Ω·cm) were implanted with Te ions with six different fluences (as shown in Table 1 ) at room temperature. All Te concentrations were firstly calculated using the SRIM code [25] and then verified by Rutherford backscattering spectrometry (RBS) measurements (labeled in FIG. 1 and listed in table I). A combined implantation at energies of 150 keV and 50 keV with a fluence ratio of 2.5:1 was applied for a relatively uniform distribution of Te in the implantation region. Subsequently, ion-implanted samples were annealed using a pulsed XeCl excimer laser (Coherent COMPexPRO201, wavelength 308 nm, pulse duration 28 ns) in ambient air. A single laser pulse with an energy density of 1.2 J/cm 2 was chosen to achieve the best re-crystallization quality as verified by RBS [17] . During the annealing process, the whole amorphous implanted region was molten and then recrystallized with a solidification speed in the order of 10 m/s while cooling down [26] .
This condition allows for Te concentrations beyond the solid solubility limit of Te in Si while preserving the epitaxial single-crystal growth. [25] and verified by RBS measurements [17] . For the doped layer, a thickness of 120 nm and a nominal tellurium peak concentration are obtained. The carrier concentrations are calculated from Hall measurements by taking an effective thickness of 120 nm.
Computation
Experimental samples The electrical properties of Te-hyperdoped Si samples were examined using a commercial Lakeshore Hall System (9700A) in van-der-Pauw-geometry [29] . Samples were measured in the temperature range from 2 to 300 K and a magnetic field perpendicular to the sample plane swept from -5 T to 5 T. Prior to the electrical measurements, the native SiO2 layer was removed by HF etching. Subsequently, gold electrodes were sputtered onto the four corners of the squarelike samples to ensure Ohmic contact [30] . Silver glue was used to contact the wires to the gold electrodes. The carrier concentrations of Te-hyperdoped Si samples obtained from the Hall effect measurements are listed in Table I, where the electrical activation efficiency of 10%-40% can be deduced.
III. RESULTS
A. Band structure and DOS
In the band structure and density of states (DOS) calculations of Te-hyperdoped Si we considered the Te substitutional impurities, namely substitutional single Te (TeSi) and
substitutional Te dimers (TeSi-TeSi), which represent the large majority of defect type present in hyperdoped Si. At the Te concentrations considered in the present study, the interstitial Te impurities exhibit a significantly higher formation energy [24] . Particularly, according to the previous study in Ref. [24] , TeSi-TeSi has the lowest formation energy among all types of defects considered and becomes the dominant configuration as effective donors with increasing Te concentration, especially in the metallic regime [24] . 
B. Temperature dependence of the conductivity
It is known that the real difference between insulators and metals is revealed only at zero temperature. The metallic state is defined by exhibiting finite conductivity as the temperature (T) approaches zero, whereas insulators exhibit vanishing conductivity as T approaches zero.
The temperature-dependent conductivity is shown in FIG. 4(a) . The sample with the lowest Te concentration (Te-0.25%) clearly tends towards vanishing conductivity, the same is concluded for Te-0.50%, although measurements at lower temperature would be desirable to make it clearer. Samples with the highest Te concentrations (Te-2.0% and Te-2.5%) exhibit a much higher conductivity which is also insensitive to temperature down to 2 K. Note that their conductivities are comparable to that of shallow-impurity-doped Si with just-metallic concentrations [5] and higher than those of metallic Si doped with S and Se [13, 14] . Therefore, these two samples are metallic, whereas samples Te-0.25% and Te-0.50% are insulating. The samples Te-1.0% and Te-1.5% lie near the critical regime of IMT which will be analyzed further in the following. 
IV. DISCUSSION
A. Critical impurity concentration of IMT
We first discuss the critical impurity concentration of IMT obtained from the transport experiments and the Mott theoretical calculation outcome compared to the first principles computational results. As confirmed in FIG. 4 , samples Te-1.5% and in particular Te-1.0% appear to be in the transition regime. Their carrier concentrations are 4.4 × 10 20 cm -3 and 2 × 10 20 cm -3 , respectively, which corresponds to an activation efficiency around 20%-30%. In addition, as Mott originally derived, the IMT in the group-IV semiconductors can be estimated as:
where H is the effective Bohr radius of the donor electrons, [1, 33] :
where E is the binding (or activation) energy of the localized states, ε0 and εr are the permittivity of free space and the high-frequency dielectric constant, respectively. Thus, by taking into account the binding energy as 199 meV [31, 34] , the isotropic Bohr radius is calculated as 3. 
B. Critical behavior of temperature-dependent transport
In this section, the underlying physics behind the electrical properties of all the Tehyperdoped Si samples will be explored by modelling the experimental data.
Metallic samples
The conductivity in the metallic phase can be modelled to the form [35] :
where 0 represents the zero-Kelvin conductivity, m is a constant and the temperature exponent s is related to the scattering mechanism in the metallic phase. Electron-electron interactions in disordered systems lead to the lowest-order correction 1/2 to 0 [5, 36] , therefore we fixed the temperature exponent s as 1/2 in the modelling. As Mott originally proposed, a minimum metallic conductivity ( ) at T = 0 K can be defined as [37] 
where the numerical coefficient C ≈ 0.12 is for n-Si [38] and is the average spacing between which is remarkable and is qualitatively close to the discontinuity predicted by Mott [37] . The As being well established, two classical models were proposed for the explanation of m (the correction to 0 ): the scaling theory of localization [2, 39] and the Coulomb interaction with electron-electron scattering [40] [41] [42] . The latter is valid for ≫ 1 [5] . Here is the Fermi wavevector given by [43] :
where g = 6 is the number of equivalent minima in the conduction band of Si; is the mean free path, which scales as: 
As shown in FIG. 5(c) , a positive value of m term is produced for insulating samples. This would be consistent with the scaling theory of localization extended to include inelastic scattering but neglecting Coulomb interactions [2, 39] . Also, here is no longer significantly greater than 1. m does not significantly change in the critical transition regime ( / ≈ 1.1~2.9), while towards larger n, m changes the sign from positive to negative for samples with / > 2.9. This is in agreement with the reported work (P or As doped Si) [5, 44, 45] , resulting from the Coulomb interactions with electron-electron scattering in the presence of random impurities.
However, one has to note that the lowest measurement temperature is 2 K in our case, which is much higher than some mK used in other cases. The lack of the data at mK temperatures and the detailed variation of Te concentration around 1.0% could result in errors in both nc and m. 
Insulating samples
The electrical conductance in the insulating phase at low temperature can be achieved by hopping through the localized deep levels [46] . The conductivity scales as:
The pre-factor 0 and the characteristic temperature are related to material parameters by different relationships for each value of p. The exponent p depends on the temperature and the shape of the density of the states (DOS) near the Fermi level. In detail, p = 1/4, 1/3, 1/2 or 1 corresponds to Mott-law variable-range hopping for 3D and 2D systems, the Efros-Shklovskiitype variable-range hopping (a Coulomb gap in the DOS), and the nearest-neighbour hopping, respectively [46] . To explicitly describe the temperature dependence of the conductivity and determine the value of p, Zabrodskii and Zinovevawas [47] introduced the reduced activation energy W defined as:
which enables to determine which charge transport mechanism is mostly dominant among metallic, insulating, and the boundary of the IMT. Therefore, for the materials in the insulating phase, inserting equation (7) into (8) gives
As shown in FIG. 6(a) , the data is replotted as ( ) = ( ) ( ) versus temperature on a log-log scale. For conductivity described as in Eq. (9), the slope of logW versus logT yields the value of p = 0.45 ± 0.04 in the temperature range of T < 50 K. By this analysis, the values are very close to p = 1/2, which corresponds to the conduction of the Efros-Shklovskii-type variable-range hopping (ES law) [46] . This is the case where the impurity levels are deep enough and in turn the Coulomb gap is fairly large and has a certain vicinity of the Fermi level.
The experimental results here indicate that the Coulomb gap is symmetric with respect to the Fermi level in the IB. This is consistent with the DFT calculation results considering the fact that TeSi and TeSi-TeSi co-exist in sample Te-0.25% [24] . parameter p = 1/2 provides a reasonable fit with an average relative mean square error of 1.2% and the fitting range is restricted to T < 50 K. According to the law of Efros and Shklovskii [2] , the characteristic parameter TP (in equation (7)) is related with fundamental material properties:
where e is the electron charge, ε is the material permittivity, B is the Boltzmann constant, ξ is the electron correlation length and C=2.8 is a numerical coefficient [2, 48, 49] . can be obtained from the data fitting using equation (7): = 548 K (47 meV) for sample Te-0.25% and = 180 K (16 meV) for sample Te-0.50%. Knowing , the material permittivity [50] and using equation (10), the electron correlation length ξ can be computed. The electron correlation length ξ increases from 7 nm in sample Te-0.25% to 22 nm in sample Te-0.50%. ξ increases as the Te doping concentration increases. This indicates that the dopant concentration approaches the critical transition concentration of the IMT [49, 51] . This is also corroborated in our DFT calculations.
V. CONCLUSION
In conclusion, we have investigated the transport properties of Te-hyperdoped Si samples prepared by ion implantation followed by nanosecond pulsed-laser melting. An insulator-tometal transition driven by increasing Te concentration is confirmed and illustrates an agreement 
